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Abstract 
Stem cells have the potential for self-renewal and differentiation. First stem cell cultures were 
derived 30 years ago from early developing mouse embryos. These are pluripotent embryonic 
stem (ES) cells. Efforts towards ES cell derivation have been attempted in other mammalian 
and non-mammalian species. Work with stem cell culture in fish started 20 years ago. La-
boratory fish species, in particular zebrafish and medaka, have been the focus of research 
towards stem cell cultures. Medaka is the second organism that generated ES cells and the first 
that gave rise to a spermatogonial stem cell line capable of test-tube sperm production. Most 
recently, the first haploid stem cells capable of producing whole animals have also been 
generated from medaka. ES-like cells have been reported also in zebrafish and several marine 
species. Attempts for germline transmission of ES cell cultures and gene targeting have been 
reported in zebrafish. Recent years have witnessed the progress in markers and procedures 
for ES cell characterization. These include the identification of fish homologs/paralogs of 
mammalian pluripotency genes and parameters for optimal chimera formation. In addition, 
fish germ cell cultures and transplantation have attracted considerable interest for germline 
transmission and surrogate production. Haploid ES cell nuclear transfer has proven in medaka 
the feasibility of semi-cloning as a novel assisted reproductive technology. In this special issue 
on “Fish Stem Cells and Nuclear Transfer”, we will focus our review on medaka to illustrate 
the current status and perspective of fish stem cells in research and application. We will also 
mention semi-cloning as a new development to conventional nuclear transfer. 
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INTRODUCTION 
A stem cell can divide to produce many daugh-
ter cells that are identical to each other and to their 
mother stem cell. This is called self-renewal. A stem 
cell is also capable of producing specialized cells. This 
is  the  developmental  potential.  The  ability  of 
self-renewal  and  differentiation  are  the  defining 
properties making stem cells to differ from other cells 
in the body. Since the establishment of first embryonic 
stem (ES) cells in mice, stem cells have been the focus 
of active research because of their enormous potential 
for basic research, medicine and animal biotechnolo-
gy.  
Work with fish stem cell culture has experienced 
20 years. Several reviews have provided the status of 
fish stem cells [1-3]. In this paper, we want to provide 
a timely update of fish stem cell cultures. After a brief 
overview on the history of stem cell research, we will 
focus on the basic knowledge and recent advances of 
fish stem cell cultures and biotechnology, in particular 
on haploid ES cell derivation, germ cell culture and Int. J. Biol. Sci. 2011, 7 
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transplantation, gene targeting and semi-cloning. 
ES cells and ES cell technology  
The success in ES cell culture benefited from the 
experience working with germ cell tumors or terato-
carcinomas [4]. These tumors consist of undifferenti-
ated cells and differentiated cells of the three germ 
layers. In culture, these tumors develop into embry-
onal carcinoma (EC) cells [5]. In 1981, two labs inde-
pendently  demonstrated  that  the  inner  cell  mass 
(ICM) of mouse blastocyst embryos can - without a 
tumor formation step - give rise to EK cells or em-
bryo-derived stem cells, the first pluripotent ES cells 
[6; 7]. When injected into recipient mouse blastocysts, 
these embryo-derived cells gave rise to all tissue types 
including the germline, contributing to chimeric ani-
mals in vivo [8]. They could also be induced to differ-
entiate in vitro in the presence of retinoic acid, form 
embryoid  bodies  (EB),  and  shared  immunological 
markers with the ICM of the blastocyst.  
Pluripotent mouse ES cells were used to develop 
the  ES  cell  technology.  Homologous  recombination 
(HR) between an endogenous chromosomal copy and 
a modified version introduced in the form of a HR 
vector allows for gene targeting (GT), the precise gene 
replacement at the specific site in the ES cell genome 
[9].  These  genetically  modified  ES  cells  were  intro-
duced  back  into  recipient  mouse  embryos  at  the 
blastocyst stage, generating chimeric embryos. In the 
chimeras, the ES cells participated in normal embry-
ogenesis and contributed to many organ systems in-
cluding the germline, leading to the production of ES 
cell-derived  whole  animals.  Intercrossing  between 
germline  chimeras  can  produce  mice  heterozygous 
and homozygous for the desired mutation. Such ho-
mozygous  mutants  are  the  so-called  knockout  mice 
[10]. To date, GT is a routine in mouse developmental 
genetics. In this regard, ES cells are superior to EC 
cells in the efficiency of germline chimera formation. 
The establishment and potential of ES cells and 
ES  cell  technology  attracted  considerable  efforts  to-
wards the generation of ES cells in many other ani-
mals. Ultimately, human ES cells came into being in 
1998  [11].  Like  the  mouse  counterparts,  human  ES 
cells have a normal karyotype, express high telomer-
ase activity and cell surface markers characteristic of 
pluripotent stem cells. Importantly, these human ES 
cells  maintain  the  developmental  potential  to  form 
various derivatives of all three embryonic germ lay-
ers. The pluripotency makes human ES cells a versa-
tile resource for producing many different cell types 
in large quantity for the analysis of human develop-
ment in vitro and more importantly, for cell therapy in 
regenerative medicine. 
FISH ES CELL CULTURE 
Mouse  ES  cells  originate  from  the  ICM  cells, 
which  tend  to  differentiate  spontaneously.  Sponta-
neous differentiation represents a major challenge for 
ES cell derivation. Inhibition of spontaneous differen-
tiation in mice is achieved by using a layer of so-called 
feeder cells [6] or conditioned medium [7]. Since the 
advent  of  first  mouse  ES  cells,  attempts  have  been 
made  towards  ES  cell  derivation  in  many  different 
mammalian species. These early attempts were only 
partially  successful  in  short-term  ES  cell  culture  or 
unsuccessful,  raising  a  question  as  to  whether  the 
ability  to  achieve  ES  cells  was  limited  to  mouse  or 
whether the culture conditions applied for mouse ES 
cells were not appropriate to inhibit spontaneous dif-
ferentiation in other mammalian species.  
Work towards fish ES cells dates 20 years ago, by 
adopting the feeder layer technique in zebrafish [12] 
and  medaka  [13].  Independently,  we  developed  a 
feeder-free culture condition for fish ES cell derivation 
from medaka, leading to the establishment of three ES 
cell lines MES1 to MES3 in 1996 [14]. Since mouse is 
one of the most advanced vertebrates, and medaka is 
among the most primitive vertebrates, the success in 
medaka  ES  cells  provided  direct  evidence  for  the 
general possibility to derive ES cells in diverse verte-
brate species. Indeed, two years later, human ES cells 
were obtained from the ICM of the blastocyst of an 
early-staged embryo [15]. 
In  our  feeder-free  culture  system,  an  essential 
component of ES cell-conducive medium is the fish 
embryo  extract  from  medaka,  which  together  with 
basic fibroblast growth factor and fish serum is able to 
support  self-renewal  of  disassociated  midblastula 
embryo (MBE) cells on a gelatin-coated culture dish 
[14]. MES1 was chosen for detailed characterization 
over 1 year of culture with more than 100 passages 
and  found  to  display  all  features  characteristic  to 
mouse ES cells. These include stable growth, a typical 
ES cell phenotype (a round/polygonal shape, a small 
size,  large  nuclei  and  prominent  nucleoli)  (as  illus-
trated in Fig. 1A), high alkaline phosphatase activity 
(a general marker of mouse ES cells), a normal kary-
otype and the ability for spontaneous differentiation 
into various cell types including pigment cells, muscle 
cells,  nerve  cells  and  fibroblasts  [14].  Importantly, 
MES1 can undergo clonal growth, forming compacted 
cell  colonies  of  undifferentiated  ES  cells  capable  of 
expansion into ES cell clones. 
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Fig. 1. Phenotypes of growing medaka stem cell lines in culture. All cells were grown on gelatin-coated substrata in 
the absence of feeder layer cells. Similar phenotypes are seen for all the three cell lines. (A) MES1, a diploid ES cell line from 
fertilization blastulae. (B) SG3, a male germ stem cell line from the adult testis. (C) HX1, haploid ES cell line from gyno-
genetic blastulae. Scale bars, 50 m (top) and 10 m (bottom). 
 
 
 Derivation and initial characterization by using 
above criteria represent a first step in the derivation of 
new  ES  cells.  Several  independent  experiments  are 
required to investigate the pluripotency in vitro and in 
vivo, which in mouse ES cell culture is usually mani-
fested  by  differentiation,  in  particular  induced  dif-
ferentiation via EB formation. ES cells in a monolayer 
are  dissociated  into  single  cells  and  small  clusters, 
seeded  in  bacteriological  dishes  for  suspension  cul-
ture to allow them to form cell aggregates that in turn 
develop into three-dimensional spheres called EB. EB 
may  display  similar  structures  to  early  developing 
embryos consisting of three germ layers. This way, ES 
cells within the EB are induced to undergo differenti-
ation into various cell types. MES1 can form EB and 
shows  apparent  differentiation  as  evidenced  by  en-
hanced melanocyte differentiation [14] and expression 
of differentiation genes (see below). MES1 is easy for 
directed  differentiation.  When  transfected  with  a 
vector expressing the microphthalmia transcription fac-
tor (mitf), MES1 specifically develops into melanocytes 
by  morphology,  melanosome  motility  and  gene  ex-
pression  patterns  of  completely  differentiated  pig-
ment cells [16]. Therefore, medaka ES cells represent 
an excellent model for directed differentiation. 
Undifferentiated mouse ES cells specifically ex-
press a set of the so-called pluripotency genes, such as 
oct4, nanog, klf4, sox2, myc, ronin, sall4, tcf3 (tcf7l1) [17]. 
In  mammals,  the  expression  of  these  pluripotency 
genes  has  routinely  been  used  to  characterize  stem 
cell  cultures  at  the  molecular  level.  Their  homo-
logs/paralogs are present also in fish. For example, 
medaka homologs/paralogs of the nanog [18], oct4 [19] 
and other genes have been identified [20]. Evidence 
for these genes as pluripotency markers in vitro came 
from the observation in medaka haploid ES cells that 
the expression of nanog and oct4 is strong in undif-
ferentiated culture but dramatically down-regulated 
and  even  lost  upon  induced  differentiation  [20].  In 
this  issue,  Wang  et  al.  report  that  a  set  of  seven 
medaka  pluripotency  genes  (e.g.  nanog  and  oct4), 
which all exhibit strong expression in medaka diploid 
ES cells [21]. Rao et al. report that the lack of expres-
sion  of  tert  splicing  variants  is  also  a  pluripotency 
indicator  of  undifferentiated  ES  cells,  although  te-
lomerase activity and expression of tert RNA (encod-
ing the telomerase reverse transcriptase, namely the 
catalytic subunit of telomerase) is versatile in vivo and Int. J. Biol. Sci. 2011, 7 
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present in all the seven stable medaka cell lines [22]. 
These data suggest that the pluripotency genes and 
telomerase  activity  are  general  markers  for  ES  cell 
cultures from fish to mammals.  
Mouse  ES  cells  upon  differentiation  express 
molecular markers of various lineages and cell types. 
Expression of these so-called differentiation genes is 
often used to detect ES cell differentiation by RT-PCR 
analysis.  These  include  ectodermal  markers  nf200, 
mesodermal  markers  ntl  and  atn2,  endodermal 
markers  sox17  and  hnf3b,  and  neural  crest  markers 
sox10 and mitf. Interestingly, the expression of these 
genes becomes activated or dramatically up-regulated 
in medaka diploid and haploid ES cells following in-
duced differentiation [20]. 
 To detect differentiation at the single cell level, 
immunostaining  is  a  routine  in  mammalian  ES  cell 
culture. Here, ES cells are subject to suspension cul-
ture for EB formation to induce differentiation. After 
several days of suspension culture, EBs are replated to 
adherent culture, and single cells become clearly visi-
ble. After fixation, these cells are detected in situ by 
using antibodies against markers specific to particular 
types  of  cells.  Many  antibodies  against  mammalian 
molecules are commercially available. For use in fish, 
these antibodies must be tested for cross-activity and 
staining specificity. Recently, we have demonstrated 
the suitability of this immunochemistry approach in 
medaka  ES  cells  [20].  Specifically,  five  commercial 
antibodies delivered clear staining. They are against 
NF200  and  Map2,  glial  fibrillary  acidic  protein 
(GFAP), panCK and Actinin2, which detect neurons, 
astrocytes,  squamous  epithelia  and  striated  mature 
muscles, respectively.  
Pluripotency  in  vivo  is  evaluated  by  ES  cell 
transplantation  into  early  developing  embryos  for 
chimera formation, a broadly used method to test the 
developmental  pluripotency  of  stem  cells  in  vivo. 
Wakamatsu  and  colleagues  initially  established  the 
conditions for chimera formation on the basis of the 
procedure developed for transplanting non-cultivated 
medaka blastomeres obtained from a deep layer [23]. 
The  resulting  chimeras  produced  by  transplanting 
non-cultivated  medaka  blastomeres  from  whole 
blastulae  displayed  donor-derived  wild-type  mela-
nocytes  [24].  Interestingly,  we  have  recently  found 
that the host accessibility to ES cell contribution dis-
plays  dramatic  strain  differences  [25].  For  example, 
MES1  produces  melanocytes  in  i1  but  not  i3  albino 
strain.  More  intriguingly,  upon  -irradiation,  i1  be-
comes inaccessible and i3 becomes accessible for MES1 
contribution  into  melanocytes.  Hence,  for  chimera 
formation by using pigmentation as a marker of ES 
cell  differentiation,  different  host  strains  should  be 
tested. Similar studies have also been carried out in 
the mouse. Subsets of the 129, PO, and CBA/Ca ES 
lines, as well as the single C57BL/6 line, were assayed 
for chimera formation and germline transmission by 
blastocyst  injection.  Satisfactory  rates  of  chimerism 
and  germ-line  transmission  were  obtained  with  all 
three genotypes of ES cells, with the profound effect 
that the choice of the genotype of the host blastocyst is 
evident for the efficiency of chimerism and germline 
transmission [26]. 
Besides a suitable culture condition conducive to 
ES cell self-renewal rather than differentiation, there 
are strain differences for ES cell derivation. A survey 
in medaka demonstrated that only 5 out of 11 strains 
and species are permissive for ES cell culture, one of 
them  is  HB32C  from  which  MES1  originated  [24]. 
Therefore, the initial success in the first medaka ES 
cells was a lucky event in terms of having chosen a 
permissive strain. Our recent work has added i1 to the 
list of permissive strains (see below). This phenome-
non mimics the situation in the mouse. Mouse ES cells 
were  derived  most  frequently  from  the  permissive 
strain 129, although ES cells were successfully isolated 
also from non-permissive strains such as CBA/Ca [26; 
27]. 
Most recently, we have obtained first ever hap-
loid ES cell lines HX1 to HX3 from medaka [20]. The 
condition  for  medaka  haploid  ES  cell  derivation  is 
similar to that for diploid MES1, but by using haploid 
blastula embryos for cell initiation instead of fertiliza-
tion diploid blastulae (Fig. 2). Sperm of i3 strain are 
treated with an elaborated dose of ultra-violet light 
irradiation to such an extent to destroy their nuclei 
but retain their ability to trigger egg activation. These 
genetically inactivated sperm are mixed with mature 
oocytes of i1 strain for artificial insemination, resulting 
in  eggs  only  with  a  haploid  female  nucleus.  Such 
embryos  undergo  all-female  embryogenesis  called 
gynogenesis.  Until  the  midblastula  stage,  the  gyno-
genetic haploid embryos were dissociated into single 
cells  and  seeded  for  feeder-free  culture  on  gela-
tin-coated substrata. Details for induced haploid gy-
nogenesis and cell derivation have been described [28]. 
Notably, haploid ES cell derivation is more demand-
ing and additionally requires media conditioned by 
MES1  and  MO1,  a  medaka  ovary-derived  cell  line. 
However, once established, haploid ES cells are not 
different  from  diploid  ES  cells  in  conditions  for 
maintenance.  Haploid  ES  cells  (Fig.  1C)  show  all 
characteristics of MES1, including stable and compet-
itive growth, genetic stability and pluripotency in vitro 
and in vivo [20].  
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Fig. 2. Procedures for medaka haploid ES cell derivation. UV-irradiation destroys the genetic material of sperm 
without compromising their ability to trigger egg activation for haploid gynogenesis. Haploid embryos are dissociated at the 
midblastula stage into single cells for cell culture initiation. 
 
 
Mammalian  ES  cells  are  usually  derived  from 
the ICM or epiblast of blastocyst-stage embryos. The 
two  extraembryonic  lineages  at  this  stage  can  also 
give  rise  to  stem  cell  cultures,  namely  trophoblast 
stem cells from the trophectoderm [29] and primitive 
endoderm stem cells [30]. None of these stem cells is 
totipotent in gene expression profile and lineage con-
tribution in chimeric embryos. It is unknown whether 
embryos prior to the blastocyst stage can be cultivated 
towards totipotent stem cell cultures. In this issue, Li 
et  al.  report  that  even  32-cell  cleavage  embryos  of 
medaka are capable of generating ES-like cell cultures 
[31],  pointing  to  the  possibility  to  derive  stem  cell 
culture from fish embryos at earlier stages. 
ES cell cultures in Zebrafish and other fish spe-
cies 
Collodi’s lab majors in zebrafish ES cell culture 
and  has  obtained  cell  cultures  from  blastula-stage 
embryos  by  adopting  the  mouse  feeder  layer  tech-
nique.  The  feeder  cells  they  have  used  include 
zebrafish embryonic fibroblasts [12], buffalo rat liver 
cells  [32]  and  the  rainbow  trout  spleen  cell  line 
RTS34st  [33;  34].  They  also  demonstrated  that 
short-term zebrafish embryo cell cultures were able to 
produce germline chimeras [34]. The germline com-
petence was further extended to several weeks and 
multiple passages in culture [35]. By using the feed-
er-free  culture  condition,  we  have  also  obtained  a 
zebrafish  cell  line  from  the  blastula-stage  embryos, 
which  is  being  investigated  for  pluripotency  (un-
published  data).  Therefore,  both  feeder  layer  and 
feeder-free conditions seem to work in zebrafish ES 
cell culture.  
The application of feeder-free culture system has 
led to the establishment of ES-like cells in several ma-
rine  fish  species,  including  the  gilthead  sea  bream 
(Sparus aurata) [36], red sea bream (Pagrus major) [37], 
sea perch (Lateolabrax japonicus) [38], Asian sea bass 
(Lates calcarifer) [39], and Atlantic cod (Gadus morhua) 
[40].  Long-term  culturing  of  turbot  (Scophtalmus 
maximus) ES-like cells on gelatin-coated substrata was 
also demonstrated [41].  
FISH GERM CELL CULTURE 
Germ  cells  including  primordial  germ  cells 
(PGCs) and gonadal germ stem cells - spermatogonia 
in the testis and oogonia in the ovary - have attracted 
considerable  interest  in  the  development  of 
germline-competent stem cell cultures. A first success 
in fish germ stem cell culture is the establishment of 
SG3, a cell line of male germ stem cells spermatogonia 
we have generated from a mature medaka testis [42]. 
SG3 originates from normal spermatogonia without 
immortalization, which  has been reported as a pre-
requisite for mouse spermatogonial culture [43]. SG3 
(Fig.  1B)  retains  stable  proliferation,  diploid  karyo-
type,  and  phenotype  and  gene  expression  pattern 
characteristic  of  spermatogonial  stem  cells.  Under 
appropriate culture conditions, SG3 undergoes meio-Int. J. Biol. Sci. 2011, 7 
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sis and spermiogenesis to generate motile sperm in 
the test tube [42]. Therefore, the ability of continuous 
proliferation and sperm production in culture is an 
intrinsic  property  of  medaka  spermatogonial  stem 
cells  and  that  immortalization  apparently  is  not  re-
quired for deriving male germ cell cultures. The cul-
ture condition used for SG3 derivation is similar to 
that for medaka ES cell derivation, strongly suggest-
ing the suitability of the feeder-free culture conditions 
for cultivating fish stem cells of different sources. 
The success in the medaka spermatogonial stem 
cell  culture  has  provoked  an  increasing  interest  in 
other species. For example, two years after establish-
ment  of  SG3,  pluripotent  spermatogonial  stem  cells 
were  derived  from  adult  mouse  testis  without  im-
mortalization  [44].  In  fish,  transplantable  type-A 
spermatogonia  isolated  from  a  trout  transgenic  line 
have been found to maintain the survival and mitotic 
activity in culture [45]. Most recently, medaka female 
germ stem cells have been identified in the ovary [46], 
which raises the possibility to develop female germ 
stem cell cultures in this organism. In addition, inter-
est is increasing in the derivation of gonadal somatic 
cell cultures towards the analysis of soma-germ cell 
interactions in vitro. For instance, a somatic cell line 
has  been  established  from  a  juvenile  testis  of  the 
half-smooth tongue sole, Cynoglossus semilaevis [47]. 
Primordial germ cells 
The  first  stem  cells  of  the  germline  are  PGCs, 
which are set aside early in development [48]. They 
solely colonize the gonad for egg or sperm produc-
tion. PGCs hold promise to develop into pluripotent 
stem cell cultures. Since the identification of zebrafish 
vasa as a molecular marker of fish germ cells [49], in-
terest and progress in fish germ cell biology have been 
steadily increasing. Homologs of vasa as well as boule, 
dazl, dead end and nanos have been identified in several 
fish species [50]. More importantly, the vasa and/or 
nanos promoter have been successfully used for the 
generation of transgenic lines in several fish species 
including medaka [51], zebrafish [52] and trout [53]. 
These  transgenic  fishes  express  green  (GFP)  or  red 
fluorescent  protein  (RFP)  specifically  in  germ  cells 
including PGCs, allowing for visualization of PGCs in 
developing  embryos,  and  more  importantly,  easy 
isolation  for  culture.  We  have  shown  that  medaka 
PGCs from early gastrula embryos can survive, divide 
and  move  around  [51].  PGCs  from  a  zebrafish  va-
sa::RFP  transgenic  line  can  be  cultured  for  up  to  4 
months [52]. In medaka, dissociated cells from early 
gastrulae show PGC survival, proliferation and mo-
tility  [51].  Future  work  is  needed  to  determine 
whether fish PGCs can give rise to stable cell cultures 
and retain the ability for germline transmission.  
STEM CELL TECHNOLOGIES 
Fish stem cells have the potential for use in var-
ious  biotechnologies.  Among  them,  gene  targeting, 
germ cell transplantation and semi-cloning by nuclear 
transfer have attracted considerable interest and pro-
gress. 
Gene targeting 
GT combined with the mouse ES cells serve as 
the  basis  of  the  knockout  technology.  Though  GT 
events are highly desirable, they are rare compared to 
random  integration.  A  procedure  called  posi-
tive-negative selection (PNS) on the basis of drug se-
lection can greatly facilitate the elimination of random 
events,  leading  to  enrichment  for  homologous  re-
combinants  in  mouse  ES  cells  [54].  Conditions  for 
gene transfer and drug selection in MES1 have been 
optimized as a step towards gene targeting in fish. It 
was found that expression of selectable genes encod-
ing resistance for neomycin (neo), hygromycin (hyg) or 
puromycin (pac) conferred indeed resistance to G418, 
hygromycin  or  puromycin  for  positive  selection, 
while the herpes simplex virus thymidine kinase (tk) 
expression  provided  sensitivity  to  gancyclovir  for 
negative  selection.  Therefore,  PNS  works  also  in 
MES1 [55]. More importantly, MES1 cells after gene 
transfer and long-term drug selection retain the de-
velopmental  pluripotency  [56].  MES1  cells  seem  to 
possess  adequate  homologous  recombination  (HR) 
activity  as  evidenced  by  the  appearance  of  sis-
ter-chromatid  exchanges  following  sister-chromatid 
differential staining. The presence of cellular HR ac-
tivity is a prerequisite to GT. Recently, we have shown 
that  baculovirus  transduction  leads  to  a  high  effi-
ciency of gene delivery into medaka ES cells without 
compromising pluripotency [57]. By using a GT vec-
tor containing medaka p53 gene as a model, HR cell 
clones  have  reproducibly  been  obtained  (data  un-
published),  demonstrating  the  possibility  of  ES  cell 
technology  in  medaka.  Collodi  and  his  colleagues 
reported  successful  GT  by  HR  in  zebrafish  ES  cells 
[58]. 
Germ cell transplantation 
Yoshizaki’s  laboratory  majors  in  germ  cell 
transplantation for  surrogate production  in salmon-
ids. For this, they cloned the trout vasa, and used the 
vasa promoter to drive GFP expression exclusively in 
PGCs and gonadal germ cells to generate a transgenic 
line. They established procedures for isolating PGCs 
from transgenic larvae and adult germ cells from the 
testis  and  ovary  for  transplantation  into  trout  and Int. J. Biol. Sci. 2011, 7 
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salmon. They transplanted these germ cells into the 
PGC migratory route of developing trout and salmon 
embryos,  thereby  obtained  germline  chimeras  that 
produced offspring from transplanted germ cells in a 
homologous  and  heterologous  host.  Interestingly, 
transplanted  germ  cells  produce  sperm  or  eggs  ac-
cording to the host sex but independently of the sex of 
their origin. These pioneer experiments demonstrate 
the possibility of surrogate production of aquaculture 
broodstock by germ cell transplantation. Future work 
will  further  underscore  the  importance  of  this  ap-
proach  by  establishing  the  ability  to  cultivate  and 
cryopreserve  germ  cells.  For  example,  germ  cells 
could be transplanted between two different salmonid 
species,  resulting  in  production  of  donor-derived 
offspring [59]. Testicular germ cells containing sper-
matogonial stem cells isolated from adult male rain-
bow  trout  (Oncorhynchus  mykiss)  were  transplanted 
into the peritoneal cavity of newly hatched fry of both 
sexes.  By  differentiating  into  spermatozoa  in  male 
recipients and fully functional eggs in female recipi-
ents, they were able to produce normal offspring [60]. 
Further work involved transplantation of spermato-
gonia  of  rainbow  trout  into  induced  triploid  fry  of 
masu  salmon.  These  transplanted  spermatogonia 
underwent spermatogenesis in male but oogenesis in 
female recipients. The triploid salmon recipients are 
sterile  on  themselves  but  produced  only  do-
nor-derived sperm or eggs, thus trout offspring [61]. 
This  approach  might  be  extended  to  propa-
gate/restore  a  population  of  endangered  species  in 
conservation biology. 
Semi-cloning 
Although  short-term  zebrafish  ES  cell  culture 
have been used for germline chimera production [34], 
germline transmission of long-term ES cell culture has 
not  yet  been  achieved  in  fish.  Zebrafish  PGCs  are 
specified cell-autonomously at as early as the 4-cell 
stage [49]. Medaka appears to specify its PGCs also 
cell-autonomously  [62].  These  raise  a  question 
whether fish ES cells lose their germline competence 
or whether the fish germline is inaccessible to ES cell 
contribution. As alternates to germline chimera pro-
duction, nuclear transplantation has been developed 
in zebrafish [63; 64] and medaka [65]. Transplantation 
of  epithelial  nuclei  from  feeding  tadpoles  into  enu-
cleated egg of the Xenopus led to fertile frogs [66; 67]. 
In fish, nuclear transfer by using cultured cells suc-
ceeded in the carp as early as in 1986 (republished 
[68]), exactly 10 years prior to the creation of Dolly – 
the first cloned sheep [69]. In medaka, test-tube sperm 
production from long-term cultured spermatogonia is 
also possible [42], pointing to the possibility for artifi-
cial insemination in the future. The recent establish-
ment of medaka haploid ES cells provides an excellent 
opportunity  for  direct  nuclear  transfer  into  normal 
eggs  without  the  need  for  enucleation.  This  is 
semi-cloning (SC). SC was originally proposed as a 
novel  artificial  reproductive  technology  to  combat 
human  infertility,  and  has  remained  as  a  scientific 
fiction [70]. In this approach, a mitotic haploid nucle-
us is transferred to a mature egg without removal of 
its nucleus, leading to the combination of a haploid 
somatic nucleus from one parent and a haploid gam-
ete nucleus from the other parent. This is a mosaic egg. 
By  transplanting  haploid  ES  cell  nuclei  into 
non-enucleated mature oocytes, we generated Holly, 
the first semi-cloned fish in the world. Holly shows 
normal fertility and germline transmission over three 
generations, providing evidence that mosaic oocytes 
can generate viable and fertile offspring. Importantly, 
stable gene transfer does not compromise the ability 
of haploid ES cells for Holly production [20]. In fish, 
SC represents a first approach for germline transmis-
sion of cultured cells even after genetic modifications. 
In this regard, it deserves to note that the efficiency of 
SC by haploid ES cell nuclear transfer is comparable 
to that of sperm nuclear transfer [71]. 
Compared to conventional cloning  via somatic 
cell nuclear transfer (SCNT), SC features a high effi-
ciency and biparental contribution (Fig. 3). Fertiliza-
tion involves the fusion of a meiotic sperm nucleus 
with a meiotic egg nucleus. In SCNT, a somatic nu-
cleus is transferred into an enucleated egg. Dolly was 
created this way. In the SC procedure, a haploid mi-
totic nucleus is transferred into a non-enucleated egg, 
producing a mitotic-meiotic mosaic egg (Fig. 3, top), 
as has been shown by the creation of Holly. Fertiliza-
tion involves biparental contribution, with offspring 
being  50%  genetically  identical  to  either  of  parents 
and to each other. SCNT involves asexual reproduc-
tion, producing offspring 100% identical to the donor 
and to each other. SC combines a nucleus from one 
parent and a nucleus from the other, generating off-
spring  50%  identical  to  both  parents  each  but  75% 
identical to each other (Fig. 3, bottom). This is semi-
sexual  reproduction,  which  is  more  mimicking  the 
natural  fertilization  process.  Importantly,  SC  estab-
lishes  a  clear  parent-progeny  relationship,  thus  ap-
pears to be of less ethical concern for assisted repro-
duction to treat human infertility.  
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Fig.  3.  Reproductive  technologies.  (Top) Schematic illustration of fertilization, classical cloning and semi-cloning. 
(Bottom) Parent-progeny relationships. 
 
 
PERSPECTIVE 
Differentiated mouse cells can be reprogrammed 
into  induced  pluripotent  stem  (iPS)  cells  by  forced 
expression of pluripotency transcription factors [72]. 
Researchers  independently  succeeded  in  obtaining 
iPS  from  human  fibroblast  cells  [73],  whereas  iPS 
again can be directly differentiated, e.g. into hepatic 
cells using a limited number of cytokines [74]. It will 
be interesting to see whether the use of enforced ex-
pression of transcription factors can also produce iPS 
cells in fish. Fish germ cell biology and biotechnology 
will continue to progress in the near future towards 
stable  culture  capable  of  genetic  alterations,  cry-
ostorage and germline transmission. It is anticipated 
that GT will fully be developed in fish, in particular in 
medaka by using its haploid ES cells for direct genetic 
phenotypic analyses of null mutations in vitro and for 
physiological elucidation of gene function in vivo fol-
lowing animal production by SC. Recent progress in 
fish stem cell culture and transplantation will provide 
valuable systems and tools for basic research and ap-
plications in sustainable aquaculture. 
Mouse  ES  cells  show  salient  differences  in 
growth requirement from their human counterparts. 
Several  organisms  with  different  positions  in  verte-
brate evolution are required to reveal species-specific 
factors and general mechanisms controlling pluripo-
tency. In this regard, fish models as lower vertebrates 
represent  an  important  reference  to  study  the  con-
served mechanisms underlying self-renewal and dif-
ferentiation (Fig. 4). Future work on the analyses of 
transcriptomes  and  proteomes  of  fish  stem  cells  of 
various origins will provide valuable information for 
stem cell research and applications.  
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Fig. 4. Stem cells and stem cell technology in human and model organisms. ES, embryonic stem cells; GS, germ 
stem cells; haploid ES, haploid ES cells; GT, gene targeting; SC, semi-cloning. 
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